Abstract-In this paper we present a requested relaying protocol that helps mitigating multipath and shadowing effects in wireless networks. In our approach it is assumed that the destined mobile station has not been able to receive information from the base station and sends a request to surrounding terminals. Those terminals able to receive the request act as relays and help to transmit information from the base station to the destination. Performance analysis with respect to probability of decoding error and outage probability have been made with the results that both can be enormously improved by exploiting diversity. Additionally, order of diversity is defined and applied to our relaying approach as well.
I. INTRODUCTION
M ULTI-MEDIA communications demand for higher data rates and more reliable transmission schemes in future wireless networks. This demand cannot be accommodated by traditional techniques and hence new methodologies are necessary. In contrast to wired systems, wireless communication systems share an inherently finite resource, the radio frequency spectrum, where it is not possible to add new resources by simply appending new hardware equipment. One promising approach in that purpose are relay networks. Relay mechanisms use intermediate mobile stations for information transportation. The principle of relaying was introduced by van der Meulen [1] in 1968. Eleven years later, Cover and El Gamal [2] derived capacity theorems on the one relay case. Exploitation of cooperation among users is investigated in [3] , [4] , [5] , and Laneman [6] gives a survey on conventional relay principles which we discuss in Section II.
Both, relaying and cooperation offer enormous performance enhancements in wireless communications. Various metrics for evaluation of performance are possible, for example capacity, reliability of communication, diversity gains, probability of decoding error, and outage probability [3] , [4] , [6] , [7] , [8] .
In wireless communication systems, system performance is mainly limited by channel variations such as path loss, multipath fading, and shadowing. These issues motivate the design of relay networks. For example, due to the reduced distance between relay and destination (with respect to the distance source -destination), a relay can transmit at a lower power level which leads to energysavings. As a result of the fact that information is sent to the destination via several (independent) paths, effects of fading and shadowing can be mitigated to a certain extent. Nevertheless, if relaying is applied to nowadays mobile stations, relaying will surely produce a transmission delay since mobile stations are not yet able to receive and transmit simultaneously. For future systems and with respect to the keywords software-defined radio, cognitive radio, and multi-antenna (multi-receiver paths) this aspect produces no severe problems.
A major goal of relaying systems is the mitigation of outage events paired with energy-savings. This is the case for requested relaying systems that are in the scope of this paper. If the destination is not able to receive information from the source, i.e., base station, it will send a request for information to surrounding terminals. Since those terminals do only act as relays if they are requested for, this relaying principle achieves better energy-savings compared to other relaying schemes. Relaying does also lead to an increased coverage area. However, this is not the intention of this paper though geometry effects (positions of relays between source and destination) play an important role in relay networks.
The remainder of the paper is organized as follows. Section II gives a short overview of relaying principles which can be grouped into fixed protocols, adaptive protocols, and protocols with feedback (requested relaying). In Section III channel model and preliminaries are defined. Performance analysis with respect to probability of decoding error and outage probability are derived and discussed in Section IV. Finally, we give a short outlook on future research and conclude the paper with summarizing remarks.
II. A SURVEY ON RELAY PRINCIPLES
In this section we give a survey on conventional relaying principles [6] , [8] . Relaying protocols can be grouped into three categories at first glance. These are fixed protocols, adaptive protocols, and protocols with feedback (requested relaying). Fixed protocols can further be divided into:
• amplify-and-forward: The relays receive information, amplify it, and transmit it again without prior decoding. In order to meet power constraints, relays must apply a specific amplifier gain that can depend on channel coefficients if the relays are able to estimate 
them. Drawback of amplify-and-forward transmission is noise enhancement.
• decode-and-forward: The relays receive information, decode it, and re-encode it before re-transmission. The degree of decoding at the relay may vary. For example, the relays could only perform modulation scheme dependent symbol-by-symbol decoding, whereas the destination performs full decoding. As the relays decode the information sequences, no noise enhancement is generated. If channel state information (CSI) is available at the receivers (for example through pilot-assisted channel estimation), relays can adapt their transmissions to current channel conditions. This is the main attempt of adaptive protocols. A possible scheme could be, e.g., that a relay only transmits information to the destination if the channel gains between source and relay lie above a certain threshold. If not, the source re-transmits the information. The source gains knowledge about channel conditions through control information from the relays [9] .
A major drawback of fixed and adaptive protocols is an inefficient use of degrees of freedom of the channel due to permanent relaying. This disadvantage can be overcome if the relays do not transmit relay information all the time, but only if they have received a request from the destination. This can either be a single bit that indicates successful reception of source information (in that case no relaying is necessary) or a longer bit-sequence that is only sent to the relays if relaying is wanted. In both cases reliable reception of the request information is expected. However, in the latter case, the bit-sequence may partly contain a known bitstructure which allows efficient channel estimation. In that case, a relay has the possibility to decide if relaying makes sense or if the channel conditions are too bad. This scheme improves spectral efficiency and saves energy at the relays.
III. CHANNEL MODEL AND PRELIMINARIES
The basic structure of relaying systems can be seen in Fig. 1 . A source (base station) transmits information to K mobile stations. The dashed line indicates that the destination, MS i , is not able to receive the information from the base station. This has not to be the case in conventional relaying schemes, but is in the scope of this paper. The remaining mobile stations, MS k , k = 1, 2, . . . , K, k = i, of the network serve as relays. In order to use the degrees of freedom of the channel more efficiently and to improve spectral efficiency, we introduce requested relaying [10] . For further investigations we define the following sets. Let S S denote the set of source terminals, S D denote the set of destination terminals, and S R denote the set of relay terminals. Hence,
where MS i is the requesting mobile station.
The overall transmission is divided into three transmission sequences. First, the transmission from the base station to the mobile stations, second, the request sent by MS i , and third, the relaying by the remaining mobile stations. The received signal vector at MS k , k ∈ S D , after the first transmission sequence is given by
where
T is the transmitted signal, and
T is zero-mean independent identically distributed additive white Gaussian noise with one-sided power spectral density σ 2 z = N 0 . The elements of the diagonal matrix H k capture effects of path loss, shadowing, and flat fading, where h 0k is modeled as zero-mean, independent, circularly-symmetric complex Gaussian random variables 1 . Consequently, the magnitudes |h 0k | are Rayleigh distributed and |h 0k | 2 is exponentially distributed with mean value σ 2 0k (generally, |h 0k | 2 possesses a chisquare distribution). The phases arg(h 0k ) are uniformly distributed on [0, 2π), however, we assume ideal phase recovery throughout the paper. Channel variations are considered to be constant over one transmission period (frame duration of length N ). Therefore, the channel matrix can be written as:
Furthermore, it is assumed that |h 0i | = 0, which means that transmission from base station to MS i fails. After one frame mobile station MS i recognizes that it has no connection to the base station and sends a request. Those terminals that are able to receive the request then act as relays that send an estimation of the base station information x relay =x(n) to the destination. We expect some level of synchronization with respect to frame, carrier, and symbol synchronization. This must be ensured for the relay scheme to be effective. As can be seen in Fig. 2 , we deploy a parallel relaying scheme with one intermediate hop. Note that this kind of parallel relaying scheme can be split up into a 1 × K broadcast channel (transmission from the base station to the mobile stations) and a (K − 1) × 1 multiple access channel (from the relays to the destination) where it is assumed that all relays already have received the request correctly. For performance analysis we consider a symmetric network regime where all paths have identical properties. Moreover, we expect the destination to have K − 1 antenna elements, each for a relay path, and the source to have K − 1 antenna elements and full CSI. In [11] it is stated that for the case of full CSI at the transmitter waterfilling is the optimal power allocation. However, for our first analysis we assume that each antenna element transmits with equal power P l = P/(K − 1) as every relay does. Thus, the total transmit power of the base station is
IV. PERFORMANCE ANALYSIS

A. Error Performance
The possibility of decoding error is introduced at each intermediate mobile station. Assuming that all transmission branches, and consequently the occurances of decoding errors on these branches, are independent, probability of decoding error for requested relaying with one requesting mobile station MS i and K − 1 relaying mobile stations can be expressed as
where p e,0k is the probability of decoding error from the base station to the relays and p e,ki is the probability of decoding error from the relays to the destination, respectively (correct reception of the request is assumed). For simulations we expect the average signal-to-noise ratio, γ ik , to be equal on every channel path. This yields in a Rayleigh fading environment when BPSK and DBPSK are used. For both modulation schemes error probability decreases exponentially with an increasing number of relays. The described scenario is a best case consideration for requested relaying as it is assumed that all relays have received the request correctly.
where E{·} is the expectation operator. In Rayleigh fading environments and if binary phase shift keying (BPSK) modulation is applied, probability of decoding error can be approximated as [12] :
For differential BPSK (DBPSK) error probability is given by [12] p e = 1 − 1 + 2γ 2(1 + γ) Fig. 3 illustrates probability of decoding error for different numbers of relays (K = 2, 3, 4)
2 . For both modulation schemes error probability decreases exponentially with the increasing number of relays. Due to this aspect, the gap between DBPSK and BPSK gets bigger with an increasing number of relays (∝ 2 (K−1) ). The described scenario is a best case consideration for requested relaying as it is assumed that all relays have received the request correctly. A typical characteristic of Rayleigh fading channels is the inverse algebraic relation between error probability and signal-to-noise ratio which expresses as a linear decrease of p e as γ [dB] increases [12] , [13] .
B. Outage Probability
Outage probability describes the probability that the signal-to-noise ratio γ at a mobile station falls below a required signal-to-noise ratio γ th that ensures reliable communication. For the following paragraph we assume that all relays have already received the information they are to send. This assumption makes sense insofar as a mobile station that has no knowledge about the information to send cannot serve as relay. To sum up, an outage event occurs if the request fails or the relay after having received a request correctly fails.
If we assume that the probability of an outage event is the same on every path (request as well as relay), p o , outage probability in the case of requested relaying where K − 1 mobile stations serve as relays is given by:
The proof of (7) can be found in the Appendix.
The following derivations expect a Rayleigh fading environment. If each path has an instantaneous signal-tonoise ratio γ ik , then the probability density function of γ ik is [12] pdf(
where it is assumed that each path has the same mean signal-to-noise ratio γ (see (4)). The probability that a single path has a signal-to-noise ratio below a given threshold value can then be expressed as: Fig. 4 illustrates outage probability p out as a function of γ th /γ [dB] . As parameter the number of mobile stations in the network has been employed (K = 2, 3, 4). As expected, outage probability decreases as the number of relays increases. This fact is due to diversity gains (see Subsection IV-C).
In [14] the minimum required signal-to-noise ratio is denoted as
with b > 1 and probably 3 for practical implementations. In (10), C = R/W [bit/s/Hz] is the spectral efficiency, R [bit/s] is the data rate, and W [Hz] is the allocated bandwidth, respectively. The curve of γ th [dB] versus C is illustrated in Fig. 5 . For ideal bandlimited additive white Gaussian noise channels, b = 1, and a bandwidth that tends to infinity, we obtain the well-known maximum data rate that was first calculated by Claude E. Shannon [15] :
Eventually, this leads to a required minimum signal-tonoise ratio per information bit for reliable communications of (E b /N 0 ) min = ln 2 = −1.59 dB.
C. Diversity Order
The definition of diversity order is given in [6] as: We can see that diversity in general depends on spectral efficiency. However, this dependency vanishes due to limit calculations in our case. Applying (7) and (9) yields:
It can be seen that diversity order directly depends on the number of relays in the network.
V. OUTLOOK
In this paper we expected synchronization between the base station and the mobile stations. Indeed, synchronization plays an important role in relay networks and must be considered thoroughly in future research. Today, mobile stations consist of one receiving path. However, if we allow a mobile station to send a request to surrounding stations while they are receiving information from the base station, then at least two communication paths are necessary. In addition, relays will not be transmitted simultaneously as this depends on the position of the surrounding relays relative to the requesting mobile station. Consequently, the mobile station that receives the relays must have the ability to appropriately combine the relay paths.
One major point is the structure of information of the request and the relays. For example, the request may only contain information which asks for relaying. Then the relays transmit as soon as they receive the request without any further processing. Drawback of this approach is that relay information is sent even if the channel is weak and no cooperation is exploited. Another possibility is that the request contains a known pilot sequence that is used in the relays for channel estimation. Then, a relay is only sent if the channel is good enough (e.g., p e < p e,max or γ > γ min ) or a relay is always sent but the transmission parameters (data rate, transmit power, coding, etc.) are adapted accordingly. Moreover, adjacently located relays could cluster in order to send relay information in a virtual multiple-input multiple-output manner thus being able to deploy efficient space-time coding techniques.
Effects of geometry that manifest as utilization regions must also be included in further studies. Note that geometry constellations certainly come along with corresponding path loss considerations.
VI. CONCLUDING REMARKS
In the near future it will become mandatory to create new techniques that are able to satisfy the demand for higher data rates and more reliable transmission schemes for multi-media communications. In this paper we presented a requested relaying protocol that helps mitigating multipath and shadowing effects in wireless networks. We assumed that the destination has not been able to receive information from the base station. Therefore, it sends out a request to surrounding mobile stations. Those mobile stations able to receive the request serve as relays. As we only have one intermediate station, the parallel transmission scheme can simply be split up into a broadcast and a multiple access channel.
We showed that both probability of decoding error as well as outage probability can be improved by exploiting diversity. Investigations on the minimum required signalto-noise ratio and order of diversity have also been made with the result that order of diversity increases linearly with the number of applied relays. APPENDIX Equation (7) can be proved by using a combinatorial ansatz.
Proof: Outage probability can be expressed as
Since p o is the same on every path we do not need to distinguish which relay is actually requesting as long as it is only one. Equation (14) can be written as:
If we compare (14) to the binomial theorem
and substitute n = K − 1, a = 1 − p o , and b = 1 this yields:
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